The problem of wind profile reconstruction from scintillations of an optical wave scattered off a rough surface in a telescope focus plane is considered. Both the expression for the spatiotemporal correlation function and the algorithm of cross-wind velocity and direction profiles reconstruction based on the spatiotemporal spectrum of intensity of an optical wave scattered by a diffuse target in a turbulent atmosphere are presented. Computer simulations performed under conditions of weak optical turbulence show wind profiles reconstruction by the developed algorithm.
Introduction
The problem of measuring wind velocity based on the spatiotemporal statistics of fluctuations of optical wave intensity in a turbulent atmosphere is analyzed in [1] and in works cited therein where the mean (averaged over path) cross-wind velocity measurers were proposed, and the results of their experimental proof are discussed. The theoretical and experimental results of wind profiling by the scintillation detection and ranging (SCIDAR) technique are presented in [2] [3] [4] [5] [6] [7] [8] . In recent work [9] , along with the modified spatiotemporal scintillation technique, wind profile reconstruction from the output image streams of a differential nonlinear Zernike wavefront sensor are discussed.
In [10] the problem of determining the wind velocity in the atmosphere from the spatiotemporal correlation function of turbulent intensity fluctuations of light scattered by the surface of the viewed object or natural scene is considered, and formulas for estimation of the mean velocity averaged over the distance between the viewed object and the receiver are presented. In more detail the potential of single-ended measurement of the path averaged velocity vector is discussed in [11, 12] based on the results of thorough study of the statistics of interaction of a target induced speckle field with the atmospheric turbulence [13] [14] [15] .
In this paper the single-ended scintillation method of measurement of the path averaged cross wind [10 -12] is generalized on measurement of the profile of cross-wind velocity and its direction along the propagation path. We propose the method of wind profile retrieval from the turbulent statistics of the reflected optical wave intensity pattern in the focal plane of the receiving telescope. Obtaining the information on the cross-wind profile from reflected wave intensity statistics is important for operation of the adaptive optical system using scattered radiation for closing of the adaptive loop [16] . We formulate the problem and present the basic equations for reconstruction of the cross-wind velocity and direction profiles from the spatiotemporal spectrum of intensity fluctuations of a Gaussian beam scattered by a diffuse target in a turbulent atmosphere. We also present the results of end-to-end computer experiments on reconstruction of wind profiles by the developed algorithm.
Problem Statement and Governing Equations
The principle of wind velocity profile reconstruction from the spatiotemporal spectrum of turbulent fluctuations of the intensity of optical plane wave propagating in the atmosphere is discussed in [17] . We can clarify it by the following example.
Let the monochromatic plane wave with complex amplitude U 0 pass through a thin random phase screen ͑r, ͒ ϭ Ϯ 0 f͑r Ϫ V͒ moving across the propagation path with the velocity V, where 0 Ͻ Ͻ 1, f͑r͒ ϳ 1 is some function. The Ϯ signs appear with equal probability being independent on time shift and coordinate vector r on the phase screen plane. The intensity of the wave is registered by a photodetector spaced by a distance x from the screen. Then the field amplitude and intensity at the photodetector can be written as follows:
(1)
where k ϭ 2͞, is the wavelength, and is the 2D vector in the receiver plane. From Eqs. (1) and (2) it follows that the expression for the intensity correlation function is of the form 
Taking into account the movement of the phase screen I Ϯ ͑x, ; ͒ ϭ I Ϯ ͑x, Ϫ V; 0͒, for the spatiotemporal Fourier transform of the correlation function [Eq. (3)] we obtain
If we restrict our analysis by the spatial frequency vectors oriented along one of the axes of the Cartesian coordinates ϭ e i , the spectrum [Eq. (4)] will take nonzero values on the ray ϭ ͑Ve i ͒ only. The projection of velocity of phase screen motion on the axis e i is given by the spectrum inclination ␣ ϭ ͞. The spectrum variations along the ray for different distances from the screen are shown in Fig. 1 . In the calculations we have used the following parameters: 0 ϭ 0.1; f͑r͒ ϭ sin͑ͱqr͒; q ϭ 200 m
Ϫ1
; the wavelength ϭ 5 ϫ 10 Ϫ7 m. Three distances were taken: x ϭ 2 km, 1 km, and 500 m; and the ␦ function was omitted in the spectrum calculations. It follows from Fig.  1 that the all spectra coincide in the vicinity of first minimum, but the location of the other minima depends on the distance x. Analytical relation determining the phase screen location is obtained if we expand the intensities in Eq. (4) to the Taylor series, and, taking into account the terms of order 0 ,
calculate the spectrum
From Eq. (6) it follows that the distance-dependent spectrum minima coordinates are 2 ϭ 2n k x .
Thus, the phase screen velocity can be found by the angle of the spatiotemporal intensity spectrum inclination determined by the ratio of temporal frequency to the spatial one and the phase screen location x is determined by the location of the spectrum minima. To study the potential of that method for remote profiling of a velocity vector perpendicular to the line of sight to the target we consider following scheme. Let a laser source in the plane xЈ ϭ 0 illuminates a diffuse surface located in the plane xЈ ϭ x. In the plane of a source, the scattered radiation is received by a telescope with a photoarray (a video camera) in the focal plane. The telescope can be collocated with the transmitting aperture (Fig. 2a) or displaced from the transmitter location by some distance (Fig.  2b) . The speckle images of a laser illuminated area on a diffuse surface are subject to correlation-spectral processing.
Let us assume that the initial field of the illuminating optical beam in the plane xЈ ϭ 0 is given by the Gaussian model
where a and F are the beam radius and the radius of phase front curvature at the center of the transmitting aperture, and U 0 is the field amplitude at the beam axis, ϭ ͕y, z͖. For the field of the reflected wave in the plane xЈ ϭ 0, we have [18, 19] 
where U 0 ͑Ј͒ is the initial field complex amplitude, V͑r, rЈ͒ is the reflection coefficient,
is the Green function, r and rЈ are 2D vectors in the target plane, and Ј is a vector in the source-receiver plane. The random component of the Green function G R takes into account the air dielectric permittivity turbulent fluctuations and can be represented in the form of a path integral [20] :
where 1 ͑xЈ, Ј, r, S j ͒ is the fluctuating part of the air dielectric permittivity, S j is the 2D vector in the transverse plane, integration over S j , xЈ is performed over all the possible trajectories connecting sourcereceiver and target planes,
We write the field in the telescope observation plane xЈ ϭ Ϫl in the form [21] 
where F t is the telescope focal length, and is the transmission function of a telescope aperture, where a t is the effective radius of the objective, and T 0 is the transmittance coefficient. Thus, for the intensity of the reflected wave in the telescope focal plane ͑l ϭ F t ͒, from Eqs. (9) and (12) we obtain
Using Eqs. (10) and (11) for the Green functions in Eq. (14) , for the second spatiotemporal moment of intensity at the time moments t 1 ϭ 0 and t 2 ϭ we find
where a, b, c, d, e, f, g, h, and t are 2D vectors of integration in the transverse to the propagation direction plane.
Spatiotemporal Correlation Function
The intensity spatiotemporal correlation function
is obtained as a result of ensemble averaging ͗· · ·͘ of the expressions for intensity [Eq. (16) ] and the second moment of intensity [Eq. (15)]. Assume [18, 19] that fluctuations of the reflection coefficient of diffuse surface and dielectric permittivity in the atmosphere are independent. Then, averaging over the reflection coefficient and over the turbulent fluctuations is performed separately. With the assumption that the correlation time of the reflection coefficient is less than the exposure and the time interval between exposures is less than the characteristic time of the atmospheric processes, for the fourth statistical moment of the reflection coefficient we can write [18, 19] 
where
Use of the model [Eq. (17) ] for the fourth statistical moment of the target reflection coefficient allows to avoid taking account of the return intensity fluctuations caused by a diffuse target [see [18, 19] (Part 4.3), and [22] [23] [24] concerning a partially coherent light source radiation propagating in a turbulent atmosphere]. The model [Eq. (17)] is true for the diffuse target with glints Ն0.5 mm [25] as well. The amplitude of the reflection coefficient is determined as [18, 19] 
where A 0 is the amplitude at the center of the diffuse reflector, and a r is the effective radius of the reflector determined by the distance where the squared amplitude decreases down to e
Ϫ1
. In what follows we assume the Taylor's hypothesis of frozen turbulence [26] to be valid for the spacetime dynamics of the dielectric permittivity field
where V͑xЈ͒ is the wind velocity component transverse to the propagation direction. We assume as well, that integrals in the random part [Eq. (11)] of the Green functions in Eq. (14) and in the last exponent in Eq. (15) are Gaussian random values [27, 28] , and use the formula [21, 27] 
for ensemble averaging based on the Kolmogorov model [21] for the turbulent spectrum of dielectric permittivity ⌽ ͑, ͒. We also assume that the param-
, characterizing the strength of optical turbulence [27] , where C n 2 is the structure characteristic of the refractive index, takes values less than unity. That is, we consider the regime of weak intensity fluctuations on the propagation path [27] . The parameter ␤ 0 2 is formed as a factor of the integrals over variable xЈ in the exponents of Eqs. (14) and (15) after averaging. Thus, in the case of weak intensity fluctuations ␤ 0 2 Յ 1 we can expand them to the Taylor series and limit our consideration to the first two terms of this series:
Having averaged Eqs. (14) and (15) with the use of Eqs. (17)- (22) and having used Eq. (1) for the initial field U 0 ͑͒, after cumbersome transformations, for the correlation function K I we obtain
The applicability of the expansion [Eq. (22)], and, consequently, Eq. (23) The first component in curly brackets of Eq. (23) is responsible for the intensity correlation of the wave incident on the diffuse target; the second component is responsible for the reflected wave intensity correlation, and the third one, 2 Re͓· · ·͔, determines the correlation of the incident and reflected waves intensities [19] . If the source and the receiver are spaced (Fig. 2b) , the last component is absent.
In Eq. (23) we use the following notations:
Equation (23) is a basis for development of the wind profile reconstruction algorithm.
Reconstruction Algorithm
The algorithm of wind velocity reconstruction proposed here is built in the following way. First, we note that the spatiotemporal correlation function [Eq. (25) ] is the sum of integrals of the type
and for the parameters ␤ j , j , and ␦ j , for example, in the first term in Eq. (23) we have ␤ 1 ϭ Re t 1 , 1 ϭ i Im ␥ 1 , and ␦ 1 ϭ 2 Re ␥ 1 . Second, we perform the integration over both the spatial coordinates of the function F I ͑, R; ͒ as follows:
The real part of the exponent's argument in the braces of Eq. (26) is written as
The function [Eq. (27) ] has a peak at the point ϭ Ϫ͑Im j ͞ 2D Re j ͒q with the half-width 1͞ͱRe j . Assume that in this region, the function ⌽ ͑xЈ, ͒e iV͑xЈ͒ varies slowly. Then, calculation of the integral over in Eq. (26) gives us
Finally,
Third, we assume q ϭ qe i , V͑xЈ͒e i ϭ V i ͑xЈ͒, and ␣ ϭ ͞q and perform in Eq. (28) the Fourier transformation in time:
Fourth, having noted that in the inertial subrange of the Kolmogorov turbulence [21] the spec-
, we perform scaling in Eq. (29),
2 ͑xЈ͒, and calculate the integral One of the possible ways to reduce the algorithm ambiguity is to shift the receiver relative to the transmitter, when the receiving telescope is placed in the plane xЈ ϭ 0 at such a distance from the transmitter aperture that the correlation of incident and reflected waves can be neglected (Fig. 2b) . It is well-known [19] that the area of manifestation of the amplification effects caused by the correlation of the incident and return waves is restricted by the intensity correlation radius, that is under the weak intensity fluctuations regime it is restricted by the first Fresnel zone radius. The first Fresnel radius for the optical wavelength range and the path lengths of a few kilometers is not more that a few tens of centimeters. Thus, in practice the scheme in Fig. 2b is 
For the numbered parameters in Eq. (31) we have the following:
In this case the maximum is at the point p 1 ϭ 0.
The maximum is at the point p 2 ϭ 0.
The maximum is at the point
and the velocity is determined from the equation
The maximum is at the point p 4 ϭ Ϫp 3 .
, and the velocity is determined from the equation
The maximum is at the point p 6 ϭ Ϫp 5 .
Among (26)- (30)] becomes feasible.
The unambiguous solution is the only case when the transmitting optical system forms a divergent beam, close to the spherical wave, and the size of the diffuse surface far exceeds the size of the illuminated area. In this case, both for separated and coincidental transmitter-receiver systems, the spatiotemporal correlation function of intensity is represented in the form
where ϭ x͞x. The algorithm of wind profiling based on Eq. (32) is built by the following steps.
We calculate the spatiotemporal spectrum:
Having accepted
and assuming that
in the inertial turbulence subrange [21] , we have
Performing integration ͵ 0 ϱ g 0 ͑␣, q͒cos͑pq 2 ͒dq, we obtain
In the region p Ͼ 0, each value of corresponds to a relevant ␦ spike at p ϭ ͑F t 2 ͞2kx͒͑1 Ϫ ͒͞. The velocity is determined by the relation ␣ ϭ ͓F t V i ͑xЈ͒͞x͔. Tracing to the maxima of Eq. (35) we obtain profile V i ͑xЈ͒ along a path between the transmitter-receiver and diffuse surface.
Computer Simulations
To test the reconstruction algorithm in end-to-end computer experiments we need first to simulate the intensity pattern of scattered wave in the telescope focus. In the simulation we based on the expression for the intensity of a scattered optical beam [Eq. (14) ] written for the infinite ͑A͑r i ͒ ϵ A 0 ͒ diffuse target [29] 
In Eq. (36), the intensity I͑F t , ͒ is the integral of the product of intensity of a beam illuminating the surface, I I ͑x, r͒, and nondimensional intensity of the beam with the initial radius that equals the telescope radius, propagating to the diffuse target under the angle determined by the vector and the focal length F t , I T ͑x, r, ͒. In other words, there is a probing of the different parts of the laser illuminated area of the scattering surface by means of the secondary beam formed by the receiving telescope.
Hence, the algorithm for numerical simulation follows. Propagation of two beams in the forward direction is modeled by the split method [30, 31] using the algorithm [32, 33] , their intensities are calculated, multiplied together, and summed up over the whole illuminated area. But the problem is that even to get the intensity distribution, 128 ϫ 128 pixels only, we need to run this scenario more than 10,000 times! That is why below we consider two simplifications of Eq. (36) reducing the temporal expenditures on calculation I͑F t , ͒. We stress that the velocity reconstruction algorithm itself does not require much computer time (approximately tens of seconds) and can be used in real time during measurements.
A. Random Phase Screen Model
The computational expenditures on simulation of the reflected beam intensity distribution in a telescope focus can be significantly decreased if we present the integral over r in Eq. (36) as the convolution integral. This is possible, if we consider the dielectric permittivity fluctuations located within a thin layer near the source. For the model of random phase screen located near the light source, Eq. (36) is represented as [29] I ͑ F t , ͒ ϵ I ͑ F t , , r ͒ ϭ ͵drII ͑ x, r ͒ I T͑ x, r, ͒ ϭ ͵drII ͑ x, r ͒ I T͑ x, r ϩ x͞F t͒ . (37) The model of random phase screen is used frequently in the analysis of wave propagation along vertical and slant paths in a turbulent atmosphere [32] [33] [34] . It is easy to ensure that the convolution integral [Eq. 
to be applied for calculation of the intensity I͑F t , ͒ with use of the fast Fourier transform. Equations (38) and (39) provide calculation of the 2D intensity distributions of the reflected optical wave in the focus of the receiving telescope with acceptable computer consumptions.
Thus, testing of the algorithm for reconstruction of the cross-wind profile for the model of the random phase screen was performed in the following way. Propagation of the collimated illuminating Gaussian beam (beam radius a ϭ 5 ϫ 10 Ϫ2 m, focal length F Ϫ1 ϭ 0, path length x ϭ 1 km, wavelength ϭ 5 ϫ 10 Ϫ7 m) and the secondary beam (beam radius a t ϭ 3 ϫ 10 Ϫ2 m, focal length F t ϭ 1 m) was simulated by the algorithm [32, 33] . The scheme of spaced transmitting and receiving apertures, shown in Fig. 2b , was considered. The single random phase screen located at the beginning of the path and moved with the speed of V z ϭ 3 m͞s (Z direction) and V y ϭ Ϫ1.5 m͞s (Y direction) was simulated. The computational grid had 512 ϫ 512 mesh points with a distance between the points of 5 ϫ 10 Ϫ4 m. The simulated distributions of intensity of the illuminating and secondary beams in the reflector plane were Fourier transformed; then the Fourier transformations were multiplied, and the inverse Fourier transform was performed. The obtained intensity distributions in the telescope focal plane were used to calculate the spatiotemporal correlation function K I ͑R, , ͒. The series of 256 frames of 2D intensity distributions were processing. The correlation function was estimated from ten realizations of such series. Then the correlation function was integrated numerically over the sum coordinate R and Fourier transformed over the difference coordinate and time .
The logarithms of Z and Y components of the normalized spatiotemporal spectrum g 0 calculated in such a way are depicted in Fig. 3 in the coordinates of the temporal frequency and the spatial frequencies q z (Fig. 3a) and q y (Fig. 3b) . Since the simulation was carried out for the spaced reception scheme (Fig. 2b) , according to the analysis performed above, the calculated spectra have two inclined bands for every coordinate of the spatial frequency q with the sharply defined oscillations. The spectrum slope is determined by the selected ratio of temporal and spatial frequencies ␣ ϭ ͞q, as follows from Eq. (29) , where the delta function in the integrand cuts out from the spectrum ⌽ the band with corresponding slope. The positions of the spectrum minima are determined by the oscillation period depending on an imaginary part of the index of the exponential factor in Eq. (29); the decrease of the spectral amplitude is determined by the real part of this factor. The reconstruction results for the component of wind velocity V z ϭ 3 m͞s from the two bands in Fig. 3a are: the screen coordinate is of x ϭ 20 and 10 m; the wind velocity is of V z ϭ 2.9 and 3.0 m͞s. For the component V y ϭ Ϫ1.5 m͞s we have x ϭ 10 and 0.0 m; V y ϭ Ϫ1.3 and Ϫ1.6 m͞s. That is, every band of the spectrum allows the position and transverse speed of the screen to be reconstructed to a high accuracy.
The algorithm discussed above for wind velocity profile reconstruction is based on theoretical relations valid for the weak intensity fluctuations regime ␤ 0 2 Ͻ 1. To find the upper value of the intensity variance at which wind profile reconstruction is still possible by that algorithm, we have performed the numerical modeling of propagation of an optical beam through a moving screen for different strengths of phase fluctuations. Phase screen represents a thin layer of turbulent atmosphere with the structure characteristic C n 2 and thickness d located near the source. Strength of phase fluctuations is characterized by relative intensity variance of plane wave passed through the screen at xЈ ϭ 0 and registered on the diffuse target plane xЈ ϭ x. For the weak fluctuations regime we have the following expression [35] .
. We have used the same geometry of propagation as for the numerical results presented in Fig. 3 . Propagation of the collimated illuminating Gaussian beam with the beam radius a ϭ 10 Ϫ1 m, wavelength ϭ 5 ϫ 10 Ϫ7 m, and the secondary beam (beam radius a t ϭ 3 ϫ 10 Ϫ2 m, focal length F t ϭ 1 m) along the path of length x ϭ 1 km, was simulated by the algorithm [32, 33] . The components of the phase screen velocity were given as V z ϭ Ϫ2 m͞s and V y ϭ 1 m͞s. The computational grid had 512 ϫ 512 mesh points with a distance between the points of 2 ϫ 10 Ϫ3 m. The series of 256 frames of 2D intensity distributions with time delay 2 ϫ 10 Ϫ3 s were processing. The spatiotemporal correlation function was estimated from 20 realizations of such series. The influence of optical turbulence strength on normalized spatiotemporal intensity spectra g 0 is illustrated by Figs. 4a-4d . It is obvious that for I 2 less than 0.5 at least one band can be easily distinguished and the screen location can be found within the accuracy of 10 m, and wind velocity is accurately reconstructed. The results of the screen 
B. Model of the Square of the Illuminating Beam Intensity
It follows from Eqs. (36) and (37) that on the receiver axis ϭ 0, the intensity of the reflected optical wave in the telescope focus is proportional to the integral of the square of the illuminating beam intensity if the receiving and transmitting apertures are of the same size [see also part 4.5 in (19) ]. This provides a reason to extend this relationship for 0. In this case the diffraction of the secondary beam is taken into account only. That is, the formula [29] I ͑ F t , ͒ ϳ ͵drII
where I T 0 ͑x, r, ͒ is the intensity of the secondary beam in the absence of fluctuations of dielectric permittivity, is used instead of Eq. (36) . This approximation essentially reduces (by the orders) the computer consumptions, as compared to Eq. (36), for simulation of random realizations of the reflected wave intensity in the telescope focus with the necessary spatial resolution and duration.
The approximation [Eq. (40)] reproduces quite adequately the statistics of intensity of radiation scattered by the diffuse surface for the telescope focal plane from the point of view of fluctuation magnitude and scales of intensity correlation. However, the algorithm [Eqs. (26)- (30)] of wind reconstruction is based on the finer features of the space-time structure of intensity fluctuations than the scales only. Therefore it is necessary to adjust the wind reconstruction algorithm to the data for intensity distributions simulated on the basis of Eq. (40).
In accordance with Eqs. (36) and (3) for the integrand components in Eq. (40) we can write
where B is the coefficient, a td 2 ϭ a t 2 ϩ ͑x 2 ͞k 2 a t 2 ͒. For the regime of weak intensity fluctuations ␤ 0 2 Ͻ 1 the intensity of the illuminating beam can be presented in the form
where ␦I I ͑x, r, t͒ is the random addition to the mean intensity, determining the intensity fluctuations of the order of ␤ 0 in magnitude. Then the formula
is true for the square of intensity, and the second spatiotemporal statistical moment of squares of the intensities of a beam incident on the reflector has the form
In Eq. (45) the last term only determines the spatiotemporal correlation, the rest of the terms determines the spatial correlation:
In Eq. (46) term K I ͑r 1 , r 2 , ͒ is the spatiotemporal correlation function of the intensity of a beam propagating in the atmosphere under conditions of weak optical turbulence. Using expression [36] for K I ͑r 1 , r 2 , ͒ in Eq. (46) and ignoring the turbulent broadening of the illuminating beam, ͗I
where ⍀ ϭ ka
, we find the expression for the spatiotemporal correlation function of intensity of the reflected optical wave in the telescope focal plane in the approximation [Eq. (40)]
In Eq. (48) the term K͑r 1 , r 2 ͒ is omitted as independent on time.
Each term of the correlation function [Eq. (48)] has the same form as Eq. (25) . After rearrangement of Eq. (48) in accordance with Eqs. (26)- (29), we obtain the expressions of the form [Eq. (30) ] for the components of the space (on )-time spectrum. Analysis of these expressions shows that two spectral maxima are in the points p ϭ 0; the others are determined by the formulas
where p is the imaginary part of the exponent index of the spectrum components, which is of the same form as that in Eq. (30) . We have performed a numerical experiment with the following initial data: path length x ϭ 1000 m, wavelength ϭ 0.5 m, C n 2 ϭ 4 ϫ 10 Ϫ17 m
Ϫ2͞3
, a ϭ 2.5 cm, F ϭ Ϫ500 m, F t ϭ 1 m, and a t ϭ 1 cm. Five moving screens were used in the simulations. Wind velocity variations over the path were imitated by time-varying displacements of the phase screens to the distance V͑xЈ͒ · , where xЈ is the current longitudinal coordinate, in accordance with the specified wind profile. Three profiles containing Y-and Z-velocity-vector components each were simulated. The spectrum was estimated from ten realizations of duration of 256 frames of 2D intensity distributions of 512 ϫ 512 pixels with resolution 0.9 mm and with the time step 0.9 ms. Calculation results for the logarithm of the spatiotemporal spectrum in the approximation [Eq. (40)] are presented in Fig. 5 . Each phase screen is presented by a strip radiated from the coordinate origin.
The spectrum slope is determined by the parameter ␣ ϭ ͞q, and the distance between the spectrum maxima (minima) determines the screen position . The velocity is obtained from Eq. (49) with use of the parameters and ␣ determined from the calculated It follows from the obtained calculation data in Fig. 6 that the wind profiles are reconstructed with acceptable accuracy for two thirds of the path adjacent to the transceiver. The screen positions and velocity and direction of movement along the axes Z and Y are reconstructed with a high degree of accuracy for the first four screens. For half of the profiles we failed to determine the coordinates of the fifth screen. The screen movement velocity is estimated to 10% error.
The fact is that the intensity fluctuations of the illuminating beam are averaged over a target area covered by the secondary beam [Eq. (42)] for the model of intensity square [Eq. (40)] used. To reduce the averaging effect of the secondary beam, its dimensions were specified to be reasonably minimal. For the same purpose the illuminating beam was assigned as the divergent one. Due to the divergence of the beam incident on the reflector, the intensity inhomogeneities in the beam cross section (proportional to the radius of the first Fresnel zone ͱx for ␤ 0 2 Ͻ 1) arising on initial parts of the path increase in size to the end of the path, which reduces the averaging effect of the secondary beam. On the other side, the intensity inhomogeneities arising on the path part adjacent to the reflector have no chance to increase their size because of beam divergence; their sizes remain approximately ͱx and these inhomogeneities are averaged to a greater extent. It is the reason why the wind profile is not resolved on the one third part of the path adjacent to the reflector. Moreover, the phase fluctuations caused by the screens located at the end of the path have no time to transform into amplitude ones, which reduces a sensitivity of the method near the reflector.
The averaging effect is a consequence of the approximation [Eq. (40)]. When simulations would be based on the exact relation for the scattered wave intensity at the telescope focus [Eq. (36) ] as well as in the actual experiments, this effect should be less pronounced. If it is correct, one can expect that the longer the propagation path length used in simulations, the longer the portion of this path where accurate reconstruction of the wind profile is possible. To check this statement we have performed the numerical experiment for a 1.4 km path. We have used the model [Eq. (40)] with the same input parameters as in the experiment discussed above.
The calculated Y and Z components of the spectrum are shown in Fig. 7 in logarithmic scale. The initial and reconstructed profiles of the Y and Z components of the phase screens movement velocities are presented in Fig. 8 . It is obvious that for the 1.4 km path wind retrieval is possible within the portion of a path ϳ1000 m in length adjusted to a laser source. Thus, we can conclude that the averaging of intensity fluctuations on the diffuse target over the area covered by the secondary beam occurs as a consequence of an imperfection of the model [Eq. (40)] used in the numerical experiments. In the framework of the strict intensity simulation algorithm [Eq. (36) ] this effect should not be manifested.
Conclusion
Expression for the spatiotemporal correlation function of turbulent intensity fluctuations of scattered optical wave focused by the receiving telescope is presented in this paper. The algorithm of cross-wind velocity and direction profiles reconstruction based on the spatial temporal spectrum of intensity of an optical beam scattered by a diffuse target in a turbulent atmosphere is described. It is shown that in the general case the ambiguity of this reconstruction algorithm can be diminished by placing the receiving telescope at some distance from the transmitter aperture where incident and reflected waves become uncorrelated. In this case the intensity correlation function contains only two informative components and retrieval of the cross-wind profile is possible by the developed algorithm.
Results of the end-to-end numerical experiments on reconstruction of the wind velocity profile by the developed algorithm from the simulation data of laser beam propagation along the paths with reflection in the turbulent atmosphere are presented. The test was performed for the conditions of weak intensity fluctuations ͑␤ 0 2 Ͻ 1͒ (1) for the model of random phase screen with use of the strict calculation formula [Eq. (36) ] and strict algorithm for wind profile reconstruction [Eqs. (26) - (30)]; (2) for the model of intensity square [29] with use of the wind reconstruction algorithm specially developed for this model. The test results show the reconstruction of cross-wind profiles from the spatiotemporal spectra of intensity fluctuations of the diffusely scattered optical wave.
The simulation of laser beam propagation in a turbulent atmosphere in the end-to-end computer experiments on cross-wind reconstruction was performed by the Monte Carlo method based on the splitting of the problem to the physical factors [30, 31] . In accordance with that method the continuous random medium of propagation is subdivided on the thin layers. For each layer the thin phase screen imitating the turbulence is simulated and for the distance between screens only the diffraction is taken into account. Although this simulation method is intended to imitate continuous random media, we understand that, based on that method, computer tests of the proposed cross-wind reconstruction algorithm are needed in addition to the more accurate modeling of continuous turbulent volume and the algorithm itself is needed in the experimental proof.
